Characterization of soil hydraulic properties is essential for modelling water flow and solute transport in the vadose zone. These properties are often assessed assuming that the soil is a non-deformable (rigid) porous medium. However, under real conditions, such as those found in agricultural systems, the soil is constantly exposed to external stresses induced by farm machinery and by wetting and drying cycles, which constantly modify the soil hydraulic properties. The main objective of this work was to develop a methodological framework based on Xray CT scanning to predict the spatio-temporal evolution of the hydraulic properties of a soil under drainage conditions. The methodological framework combines the particle size distribution of a soil and the fractal dimension of its porosity obtained from X-ray CT scans to predict the saturated hydraulic conductivity and volumetric deformation of a soil column. The results show that the proposed framework provides a realistic description of the spatio-temporal evolution of the hydraulic properties of a soil during the drainage process.
Introduction
Agriculture has an important influence on soil formation and evolution (Montagne et al., 2008) . Several studies have shown that farming practices and crop management can significantly affect soil hydraulic properties (Hu et al., 2009) . Indeed, when compared to natural conditions, some water management practices, such as flooding, irrigation, subirrigation, and drainage, may increase the frequency of water table fluctuations (wetting-drying cycles), which may lead to significant changes in the physicochemical soil properties (Huang et al., 2015; Montagne et al., 2009) and induce changes in soil pore size distribution (Bodner et al., 2013a; Bodner et al., 2013b; Mubarak et al., 2009 ). More recently, the implementation of a drainage system has been shown to promote an increase soil water flow, inducing changes in the soil structure, pore size distribution, and other properties, such as total porosity, water retention properties, bulk density, air entry point, and saturated and unsaturated hydraulic conductivities (Alletto et al., 2015; Bodner et al., 2013a; Bodner et al., 2013b; Frison et al., 2009; Montagne et al., 2009; Montagne et al., 2008) . For example, in rice paddies, Zhang et al. (2013) observed that repeating flooding and draining cycles has a significant impact on the percolation properties, soil shrinkage and bulk density. More recently, Périard et al. (2014) have shown that anthropic soil genesis can induce formation of a soil horizon that has hydraulic properties with low drainage capacity, which may have negative effects on crop yields. For a highly drained, sandy soil under cranberry production, Gumiere et al. (2014) found a direct relationship between areas of low crop yields and soil horizons with a low saturated hydraulic conductivity. Anthropic soils, such as those under cranberry production, Anthrosols and Technosols (IUSS Working Group WRB, 2014) , are often characterized as soft and unconsolidated materials that undergo rapid and intense early pedogenesis (Séré et al., 2012) .
This rapid soil evolution may be explained by flow-induced migration of fine particles, and the ensuing reorganisation of coarse particles during the hydroconsolidation process; modifying the drainage capacity (McDaniel et al., 2001; Pires et al., 2007) . The study of these spatio-temporal variations in soil hydraulic properties represents a daunting task that may demand numerous destructive laboratory analyses and field observations (Bodner et al., 2013b) . Furthermore, core sampling may affect soil properties, such as bulk density and pore size distribution, leading to differences between in situ and laboratory measurements of soil hydraulic properties (water retention and unsaturated soil hydraulic conductivity curves) (Pires et al., 2007) . In fact, Alletto et al. (2015) proposed more than three sampling periods distributed during the season to minimize perturbation of soil samples and capture the spatio-temporal evolution of soil properties. However, the evolution of soil properties after tilling may be very rapid and, thus, it may be difficult to observe with precision using standard soil sampling techniques because of the uniqueness of the soil core (Rab et al., 2014) . X-ray CT scanning is a non-destructive imaging technique that can be used for high-resolution monitoring of time-dependent changes in soil properties such as bulk density, tortuosity, porosity, pore network characteristics, permeability, volumetric water content, solute transport parameters, fractal propertie s (Helliwell et al., 2013) , soil aggregate characteristics (Garbout et al., 2013; Helliwell et al., 2013) , unsaturated hydraulic conductivity and soil water retention curves .
The X-ray CT scan has been widely used in the past for characterizing soil hydraulic properties (Rab et al., 2014) and conducting studies on colloidal transport (Chen et al., 2009; Chen et al., 2010; Gaillard et al., 2007; Li et al., 2006) , soil compaction (Keller et al., 2013 ) and soil consolidation by wetting and drying cycles (Keller et al., 2013; Ma et al., 2015; Pires et al., 2007; Pires et al., 2014) .
A new framework is needed to characterize the spatio-temporal evolution of soil properties at early stages after tilling or field construction. Therefore, the main objective of this paper is to propose a methodological framework using X-ray CT scans to characterize the evolution of the spatio-temporal soil hydraulic properties (porosity and saturated hydraulic conductivity) of a heterogeneous sandy soil under drainage conditions.
Material and methods

Soil column preparation
The experiment was performed with a repacked cylindrical soil column (56 cm in length and 15 cm in diameter) composed of two different sand layers (Fig. 1 ). The first layer (sand 705) was 14-cm thick (L1) ( Fig. 1 ) and had a d 50 (median radius of the particle size distribution) of 150 μm. While the second layer (Flint) was 42-cm thick (L2) ( Fig. 1) and had a d 50 of 500 μm. A characterization of the particle size distribution of the sand was achieved using a Laser Diffraction Particle Size Analyzer (LS 13320 series, Beckman Coulter Canada LP., Mississauga, Ontario, Canada) and 3 replicates of the 705 and Flint soils. The particle size distribution of the 705 and Flint soils are compared to those of fine and coarse sands in Fig. 1 . The 705 soil is a fine sand, the Flint soil is medium sand, and both have particles smaller than coarse sand ( Fig. 1 ). To ensure uniform flow conditions and an evenly distributed pressure imposed by a water column ( Fig. 1) , each end of the column was covered with Nitex (20-μm mesh) to provide good contact between the water film and the diffusion plate. A variable water pressure of 245 to 194 cm (P) was applied at the inlet (on the side of the 705 soil) of the soil column by a reservoir connected to the soil column with a flexible pipe (Fig. 1 ). The water pressure head boundary (P) is shown in Fig. 1 and was chosen to represent a condition at a position near the drain tile akin to a flooded cranberry field during harvest for protection against freezing. The pressure heads inside the reservoir (R) and in the drainage tank (T) (Fig. 1) were measured using an absolute pressure sensor (Hobo U20 Water Level Logger, ONSET, Bourne, MA, USA) at time intervals of 1 min throughout the duration of the experiment. The pressures were converted into water height by subtracting the atmospheric pressure monitored at intervals of 1 min. The water pressure boundary was obtained by adding the height of the water in the reservoir to height of the water pipe at the soil column level.
A 3-step saturation-drainage cycle was performed to firmly pack the sand within the column. During the first step, we saturated the soil by applying a water pressure at the column inlet of 224 to 234 cm during 2 h (Fig. 2) . During the second step, we oriented the soil column vertically and imposed a free drainage condition with constant atmospheric pressure at the inlet and outlet of the soil column. For the last step, we gradually saturated the soil column from the bottom up with a pressure of 56 cm. The soil column was not wet and dried many times so that the soil was more representative of conditions occurring just after the construction of a cranberry field when the soil is soft and unconsolidated. We did not replicate the experiment; thus, this study focuses on the development of the methodological framework to study the evolution of soil properties under drainage rather than on the mechanisms involved in consolidation.
CT scanning
The experiment was performed at the Laboratoire Multidisplinaire de Scanographie du Québec using a Somatum Volume Access CT scanner (Siemens, Germany) ( Fig. 1 ). The energy level used was 140 keV, and the spatial resolution (i.e., a voxel) was 0.06 × 0.045 × 0.045 cm (x, y, z). The CT images were recorded in DICOM V5 format, and analysed using the R software (R Development Core Team, 2008) using the oro.dicom library (Whitcher et al., 2011) . The spatio-temporal variations in soil properties were monitored via X-ray CT scans at several elapsed times (0 s, 13 s, 26 s, 39 s, 52 s, 5 min, 10 min, 20 min, 30 min, 1 h, 3 h, 5 h, 22 h, 24 h, 26 h, 28 h, 30 h, 47 h, 73 h, and 95 h).
Voxel porosity
Changes in the soil porosity using the X-ray CT scan data were obtained using the following equation, which is similar to that used by Luo et al. (2008) :
CT Quartz is the absorption coefficient of quartz at an energy level of 140 keV and is equal to 1798 Hu (Hu stands for the Hounsfield unit), CT sat the absorption coefficient of saturated soil at coordinates x, y and z, and CT water the absorption coefficient of water and is equal to 0 Hu.
2.4Spatial and temporal variability of the saturated hydraulic conductivity
The saturated hydraulic conductivity, K s (cm h −1 ), is linked to the fractal dimension of voxel porosity distribution along longitudinal slices of the soil from the X-ray CT scan (x-direction) using the approach proposed by Guarracino (2007) :
where D is the fractal dimension calculated using the semivariance approach, β the angle of contact between the water and the soil matrix (0), σ the surface tension (72.75 g/s 2 ), μ the dynamic viscosity (10 −2 g/cm s) of water, ρ the density of water (0.998 g/cm 3 ), g the gravitational acceleration (980 cm/s 2 ),ϕ the voxel porosity, and α the reciprocal of the matric potential at the air entry point on the retention curve (cm −1 ). The spatial variability of the voxel porosity was assessed using a semivariance analysis done using the gstat library (Pebesma, 2004) of the R software (R Development Core Team, 2008). The fractal dimension of the voxel porosity distribution (Eq. (1)) obtained by the image slices from the X-ray CT scan characterize a scale of macropore ranging from 0.045 cm to 1.5 cm and was assumed to be the same as the fractal dimension of the pore size distribution of the soil. This assumption is based on the concept that pores have similar shapes but different sizes and can be represented by a unimodal power-law distribution (Giménez et al., 1997; Rieu and Sposito, 1991 ) because the soil system is invariant under different magnifications (Giménez et al., 1997) . For each longitudinal slice (x), a semivariogram was calculated for a square surface of 10.6 cm by 10.6 cm ( Fig. 3a) within the soil column, resulting in a matrix of 237 by 237 data points. A random sample of 10,000 pixels was calculated in this matrix to reduce the computational time. The spatial variability of a voxel porosity of a transverse cut, z(x), was studied with the aid of semivariograms:
where γ(h) is the semivariance of a separation distance h between pairs of points, N(h) the number of pairs of equidistant points, ϕ(x i ) the porosity value at point x i , and ϕ (x i + h) the value of the porosity at the point x i + h. In this study, the fractal dimension (D) was estimated using the method proposed by Burrough (1983) :
where H is the Hurst exponent, which is the slope of the relationship between the log of the semivariance and the log of the distance determined by regression for a distance (x), varying from 0 to 1.5 cm. This distance was selected to determine the fractal dimension of a smaller scale that is nearly that of the macropore network.
The reciprocal of the matric potential at the air entry point on the retention curve was calculated using the relationship between the radius of a particle (R) (cm) and the matric potential (cm) presented by Mohammadi and Vanclooster (2011) :
where ξ is a dimensionless coefficient depending on the state of the soil column and particle organisation in the porous medium, and is theoretically less than 1.9099:
where the void ratio (e) is calculated from the porosity:
For each type of sand, it was assumed that the air entry point corresponded to the matric potential, which is related to the maximum radius of the particle size (R) obtained by the particle size distribution analysis previously explained in Section 2.1.
Equivalent soil hydraulic conductivity
Soil equivalent saturated hydraulic conductivity was calculated using Darcy's equation:
where K eq1 is the equivalent saturated hydraulic conductivity of the soil column (cm h −1 ), dh the pressure head P (cm) shown in Fig. 1 , dx the length of the cylinder (56 cm), Q the flow rate (cm 3 h −1 ), S the surface of the cylinder (cm 2 ), and q the flow of water (cm h −1 ). The flow rate was calculated based on the water level in the tank at the output of the soil column (Fig. 1) ; the latter was measured using an absolute pressure sensor (U20 Water Level Logger Hobo, ONSET, Bourne, MA, USA) at 1-min intervals throughout the duration of the experiment. The saturated hydraulic conductivity was calculated for the constant pressure boundary at a small time step (1 min). The equivalent saturated hydraulic conductivity for the soil column derived from the CT scan data was calculated using the power mean:
where N is the number of local hydraulic conductivity K(x, y, z) with a coordinate (x, y, z) and λ represents an exponent of the power mean in the range of −1 ≤λ ≤1 (−). Whenλ = −1, K eq2 is equivalent to a harmonic mean; when λ =1, K eq2 is an arithmetic mean; and when λ =0, K eq2 is a geometric mean. By changing the approximation of Eq. (9) used by Desbarats (1992) to a log-normal trimodal distribution, one obtains the following expression:
where μ f is the average of the log-transformed K(x, y, z) (cm h −1 ), σ f 2 the associated variance of the log-transformed K(x, y, z) (cm h −1 ), and w a weight function corresponding to each subdistributions (−). The indices 1, 2 and 3 represent three subdistributions of the log-transformed K(x, y, z) corresponding to each layer of soil (705, Flint and the interface between these two soils). The parameters μ f , σ f and w were obtained by adjusting each curve of the cumulative fractions (CF) as a function of K(x, y, z) represented by the following equation:
The parameter fitting range for λ was − 100 to 100 for the power mean calculation. Additionally, the values λ = − 1, λ = 0, λ = 1 and λ = 1/3 were tested to obtain the harmonic, geometric and arithmetic means and the power mean of isotropic soil, as proposed by Desbarats (1992) . The optim function in the stats library of the software R (R Development Core Team, 2008) was used for the calibration of parameter λ, μ f , σ f and w.
Soil deformation and consolidation
Because the pressure gradient was in the horizontal direction (x), the volume deformation ε v (x,y,z) (cm) was calculated using Eq. (12):
where ϕ t=0 (x, y, z)is the porosity of a voxel with spatial coordinates x, y, z at the initial time, ϕ t=i (x, y, z) the porosity of voxel space coordinates x, y, z at time i, and Δx is the width of a voxel, which is equal to 0.06 cm.
Results and discussion
3.1. Total soil porosity Fig. 4 shows the distribution of the soil porosity at different time steps. For the fine soil (705 soil), the reduction in the porosity of the entire space is very small, approximately 1.01%. Effectively, the decrease in porosity occurs during the first 5 h and primarily during hours 1 to 3. After this period, little reduction in porosity is observed (Fig. 4 ). In the 705 soil, this decrease is greater in the bottom part of this soil, near the interface between the two soils (705 and Flint soils) at a depth of approximately 10 to 15 cm (Fig. 4) . However, in the medium sand (Flint soil), the change in porosity of the entire volume is greater and represents a reduction of approximately 7%. The reduction in the porosity took place mainly between the 5th hour and the 22nd hour, but the process continued until the 95th hour, principally at the bottom of this soil (40 to 56 cm) ( Fig. 4) . Ke et al. (2004) determined that a significant change in the boundary conditions of the soil area during a drainage experiment (suction at the bottom or side) can cause significant stress within the porous media, resulting in a reorganisation of the particles, which causes a reduction in porosity. Our results agree with those of Ke et al. (2004) , who observed greater compaction in coarse sand than in fine sand, due mostly to a lower capillary force caused by larger pores. Considering the fact that we had a more significant water pressure boundary condition (194 to 245 cm which represented 2949.266 mm of cumulative water outflow), our methodological framework using X-ray CT scans give a results that are also consistent with many research used X-ray CT scans to characterize spatio-temporal variation of porosity during an experiment of drying and wetting cycles (Zhao et al. 2015; Zhang et al. 2015 
Saturated hydraulic conductivity of the soil column
The adjustment of the cumulative fraction curves (Eq. 10) produced very good results, and all curves showed an R 2 equal to 1 (Table 1) . All methods of estimation of the equivalent saturated hydraulic conductivity (K eq2 ) with different λ values yield predictions of the same order of magnitude as that of the reference method (K eq1 ) (Fig. 5a ). To compare the prediction with observed values for our results with those found in the literature, we computed the absolute error (ξ = |(observed − predicted)| with a standardization of all units in cm h −1 . The absolute error intervals for λ values were 0.85-9.00 for λ = −1, 0.43-9.26 for λ = 0, 0.29-9.34 for λ = 1/3, and 0.002-9.52 for λ = 1. The method used in this study performs as well as those of Dal Ferro et al. (2015) , which derived saturated hydraulic conductivity estimates via numerical simulations based on mesh-free smoothed particle hydrodynamics (SPH), a homogenisation method, multi-scale micro-computed tomographybased pore network models, and a multi-scale Stokes-Darcy simulation method, respectively. The method with a constrained fit of the λ parameter in the interval −100 to 100 provided results that were exactly the same as those obtained with the reference method (K eq1 ) (Fig. 5a ). The fitted value of the λ parameter dropped dramatically at hour 47 (Fig.  5b) , limiting the ability of the fixed values (λ = − 1, λ = 0, λ = 1/3, λ = 1) to predict the equivalent saturated hydraulic conductivity (Fig.  5a ). The λ value is linked to anisotropy properties of the soil (angle and ratio) and has a negative value when the flow is perpendicular to the plane (Desbarats, 1992) . This finding indicates a possible increase in the anisotropy due to soil compaction, which affects the ability of Fig. 4 . Temporal variation of the spatial distribution of porosity (ϕ (cm 3 cm −3 )) within the soil column (0, 1, 3, 5, 22, 47, and 95 h) .
Table 1
Parameters of the cumulative fraction curves, associated coefficients of determination, and fitted λ values of Eq. (10).
Scan
Time our method to predict equivalent saturated hydraulic conductivity. Indeed, up to hour 47, the harmonic means (λ = −1), geometric means (λ = 0), arithmetic means (λ = 1) and λ = 1/3 were very close to those of the reference method (K eq1 ). Beyond this point in time, the equivalent hydraulic conductivity is overestimated. Because the flow is along the horizontal axis (x), it was expected that the harmonic mean would lead to the best results (Renard et al., 2000) , but the results indicated no difference between the λ values. The consolidation during the drainage experiment may affect a specific pore size which cannot be captured by the limited resolution of the X-ray CT scan and can unfortunately cause an overestimation of the saturated hydraulic conductivity due to the assumption of a unimodal fractal model. The consolidation is not completely uniform throughout the soil column, and we observe very dense layers that affected the saturated hydraulic conductivity at some locations (Figs. 5c, d and 6) . In layered soil, water flow is very complex. In these situations, the power mean method lacks the precision necessary to predict equivalent saturated hydraulic conductivity, and consideration of the spatial arrangement of the local conductivity properties (anisotropy, connectivity, inhomogeneity) of the soil becomes necessary (Desbarats, 1992; Renard et al., 2000) . The advantage of the proposed methodological framework compared to many studies is that it is not based on posteriori correlations made with independent measurements of saturated hydraulic conductivity in the laboratory (Anderson, 2014; Katuwal et al., 2015; Mossadeghi-Björklund et al., 2016; Yu et al., 2014) . For example, these macropore characteristic derived from X-ray CT scans represent a restricted method to predict saturated hydraulic conductivity and associated spatial variability (Katuwal et al., 2015) . The methodology proposed in this paper is a faster technique compared to pore network modelling and direct simulation, which is demanding from a (N.B . The origin is located on the left side of these graphs, which corresponds to 'top' of the fine sand (705).) computational point of view and requires high-resolution X-ray CT scans. Furthermore, these methods are often limited to the study of a small number of samples, which limits the representativeness of the macroscopic behaviour (Bultreys et al., 2015; Dal Ferro et al., 2015; Daly et al., 2015; Tracy et al., 2015) . The pore network extraction results are presented in terms of a simplified geometry, which may neglect important pore-scale phenomena . In studies such as that of Pires et al. (2014) , the proposed methodological framework produces high-resolution, accurate information on the location and magnitude of reduction of the porosity and soil hydraulic conductivity in the soil core. This type of information is necessary to better understand the actual impact of drainage on soil hydraulic properties, such as porosity and soil hydraulic conductivity. The proposed methodological framework suggested here is based on independent measurements of the particle size distribution combined with fractal and porosity analyses derived from X-ray CT scan images. This methodology can be applied to samples more than 1-m long and 0.5 m in diameter. Fig. 5 (e and f) shows significant space-and-time-dependent increases in the fractal dimension, mainly in the medium sand (Flint). These increases in the fractal dimension indicates homogenisation and densification of the porous media (Usowicz and Lipiec, 2009 ). This effect is more important in the medium sand (Flint soil) zone, and it decreases the saturated hydraulic conductivity (Figs. 5c, d, e, and 6) . However, the fractal dimension decreases significantly near the interface (10-14 cm), which is consistent with the decreases in porosity and saturated hydraulic conductivity (Figs. 4 and 5c, d) . No reduction in the harmonic mean of the saturated hydraulic conductivity was observed for the fine sand (705) (from 5.54 to 5.73 cm h −1 ) compared to the decrease in the harmonic mean of the saturated hydraulic conductivity of the medium sand (Flint) (157.14 to 73.41 cm h −1 ) after 94 h. For the whole soil column, reductions of 12.63 to 32.85 cm h −1 were obtained using the proposed method with λ = −1, whereas the observed reductions varied from 3.54 to 31.35 cm h −1 (Fig. 5a ). Fig. 6 shows the spatial distribution of the saturated hydraulic conductivity for time steps 0 h to 95 h. The change in hydraulic conductivity is generalized for the entire soil column. In Fig. 6 , we observe a layered pattern (in the x direction) in the soil hydraulic conductivity. This pattern could be explained by the fact that the fractal dimension was calculated for each slice in the normal direction (x direction). A major reduction in saturated hydraulic conductivity, mainly in medium sand (Flint), occurred between 5 and 22 h. However, a reduction in the saturated hydraulic conductivity was observed at the bottom of the interface between the 705 and Flint soils (14-18 cm) after 5 h. No general significant reduction in saturated hydraulic conductivity was observed in the fine sand (705), but over time, layers developed. The same pattern is present in the saturated hydraulic conductivity in Fig. 6 due to the predefined link between porosity and the saturated hydraulic conductivity in Eq. (2).
Many studies have observed a spatio-temporal pattern in saturated hydraulic conductivity, and various factors have been identified to explain the temporal changes: management practices, biological factors, rainfall, soil consolidation or settlement, soil disaggregation, drying/ wetting processes, initial soil moisture, and erosional and depositional processes (Hu et al., 2009) . However, few studies have focused on the effects of flooding on spatio-temporal variations in the soil; instead, most of the literature has been on the effects of infiltration, rain and wetting and drying cycles. In general, at first infiltration, the soil is relatively loose due to recent tillage, and the soil subsequently becomes gradually compacted by the natural wetting and drying cycles. The compaction during the growing season reduces the involvement of macropores (N0.5 mm) and mesopores (0.5-0.1 mm) in water flow, while the significance of micropores (b 0.1 mm) generally increases. This pattern causes the soil bulk density to increase and the soil hydraulic conductivity to decrease for many crops (Hu et al., 2009) . Changes in arrangement of soil particles and pore structure caused by natural rainfall may be the main reason for the decrease in the values of hydraulic properties (Hu et al., 2009) . The impact of raindrops on the soil surface causes the dispersion of fine particles, which can be transported by the infiltrating water and clog soil macropores and/or mesopores (Hu et al., 2009) . After only 15 irrigation events, Zeng et al. (2013) observed rapid relative change rate in the saturated hydraulic conductivity of sandy loam of 0.57 and 0.84 under furrow irrigation (which received approximately 2250 to 2700 mm) and drip irrigation (which received approximately 675 to 787 mm). Our results agree with those of Zeng et al. (2013) , as we observed a relative rate of change in the saturated hydraulic conductivity of 0.11 for a cumulative outflow of 2949.266 mm at high pressures of approximately 194 to 245 cm. The water pressure boundary used in this study was similar to that found in a paddy soil (Yoshida et al., 2014) . Yoshida et al. (2014) and Zhang et al. (2014) studied paddy soils and found that the soil drainage capacity is reduced by lower hydraulic conductivity under submerged conditions associated with flooding and that this process is mainly caused by the dispersion, flocculation, migration and rearrangement of soil particles and the reduction of crack formation. These processes are controlled not only by the simple suction-strain relationship but also by structural changes due to chemical components affected by redox conditions (Yoshida et al., 2014) . Similar to the conditions found in cranberry fields after construction, the excavation of grapevines results in soft material with initially high hydraulic conductivity values. However, over time, this material is gradually compacted by irrigation and becomes less permeable, leading to increased dry bulk densities and decreased hydraulic conductivity values (Zeng et al., 2013) . Fig. 7 shows the soil deformation for various time steps. Most of the deformation occurred between 5 and 22 h following the beginning of the experiment and mainly in the medium sand. As revealed by the soil particle distribution analyses (not shown in this paper), the variation may have been mostly induced by spatial reorganisation of particles related to fine particle movement through the soil column. The reorganisation of the sand particles caused by the applied stress and drainage appears to be a very fast process. The deformation varies from −0.05 to 0.05 cm and is heterogeneous in the horizontal (x) direction. Even in areas with high positive deformation, there are local areas with negative deformation indicating the displacement of soil during compaction. The majority of the soil column experienced compaction, as shown by the positive deformation values (orange to red colours in Fig. 7) , which caused a reduction in the porosity. The methodology proposed in this paper provides an opportunity to quantify at a high resolution soil deformation during drainage. Therefore, this method provides detailed information on the spatio-temporal variations in soil densification and in the understanding of the compaction process accordingly.
Soil volumetric deformation
Conclusions
This study has shown that CT scan data linked to fractal-variogram analyses can be used to detect spatio-temporal variations in porosity and saturated hydraulic conductivity of a sandy soil under drainage conditions. The methodological framework produced good results in terms of predicting the equivalent saturated hydraulic conductivity, as indicated by low values of the absolute error. However, the estimates become less precise when the soil becomes highly compacted. Therefore, it is necessary to further develop the methodological framework to better account for the soil properties related to soil hydraulic conductivity (anisotropy, tortuosity, connectivity, etc.). In return, this would provide a framework to better represent the soil hydraulic properties under various conditions, such as when the soil is highly compacted. Nevertheless, the method proposed here can be generalized to other studies. The development of the proposed characterization method using X-ray CT scans has provided a powerful framework and fast technical method to quantify spatio-temporal variations in the porosity and saturated hydraulic conductivity of a soil at a very high resolution. This technique can be used to understand the spatio-temporal dynamics of hydraulic properties under various conditions (management, boundary, crop and soil). However, the framework needs to be extended to characterize the spatio-temporal unsaturated hydraulic properties. Future work should extend the application of the proposed method to structured soils or focus on the development of a model that takes into account the interaction between matrix and macropore flow.
